tages compared with the aforementioned imaging modalities, including, high sensitivity, improved safety due to administration of subpharmacologic doses, ability to visualize gene expression tomographically, and ease of external imaging of deep tissues. Furthermore, PET and SPECT imaging techniques of gene expression will likely have greater clinical utility than fluorescence-or bioluminescence-based methods due to the wider availability of nuclear medicine imaging facilities. Our efforts to develop a radioiodinated substrate for SPECT/PET imaging of β-gal-expressing tumors focused on the known chromogenic β-gal substrate 5-iodoindol-3-yl-β-D-galactopyranoside (purpleβ-D-gal [IBDG]; Figure 1 ). Intracellular enzymatic hydrolysis of β-gal substrates such as IBDG generates free indoxyl molecules, which undergo in situ oxidation and subsequent dimerization to produce chromogenic, water-insoluble, indigo precipitates ( Figure  2 ). 15 We hypothesized that use of a radioiodinated IBDG derivative could, by a similar process, lead to selective retention of the radiolabel in β-gal-expressing cells, thus permitting in vivo imaging of β-gal expres-sion by SPECT or PET techniques. As a step toward this goal, the radiosynthesis and preliminary biological evaluation of [ 125 I]IBDG were undertaken, and these studies are reported herein.
Materials and Methods

Chemicals and Radiochemicals
N-Acetyl-5-bromoindol-3-ol was purchased from Apollo Scientific Ltd. (Cheshire, UK) and IBDG was purchased from Biotium, Inc. (Hayward, CA). All other chemical reagents were obtained from Aldrich Chemical Co. (Milwaukee, WI). Sodium [ 125 I]iodide was obtained from MDS Nordion Inc. (Ottawa, ON) as a no-carrier-added solution in aqueous 0.01 N NaOH (pH [10] [11] [12] .
Instrumentation and Analyses
Melting points were determined with a Thomas-Hoover melting point apparatus and are uncorrected. Thin-layer chromatography (TLC) was performed using Analtech silica gel GF Uniplates (250 µ) (Analtech, Newark, DE). TLC plates were visualized after development using either ultraviolet (UV) light or phosphomolybdic acid reagent with subsequent heating. 1 H nuclear magnetic resonance (NMR) spectra were recorded on a Varian INOVA instrument operating at 400 MHz with either CDCl 3 or dimethyl sulfoxide (DMSO)-d 6 as a solvent and tetramethylsilane as the internal standard. Chemical shifts (δ) and coupling constants (J) are reported in parts per million (ppm) and Hertz (Hz), respectively. Compound elemental analysis data were obtained at the Department of Chemistry, University of Michigan. High-resolution mass spectral analyses were performed at the Department of Chemistry, University of Michigan, using either a VG-70-250-S mass spectrometer for electron impact and chemical ionization modes or a Waters Autospec Ultima instrument with an electrospray interface for electrospray ionization mode. High-performance liquid chromatography (HPLC) was performed using a Waters Breeze HPLC System (Waters Corporation, Milford, MA) equipped with a Waters 2487 Dual Wavelength Absorbance Detector. Radioactivity was monitored with a Bioscan Flow Count FC-3300 NaI/PMT Radiodetector (Bioscan, Inc., Washington, DC) equipped with a 1.5 × 1.5-inch NaI(Tl) crystal. Radio-HPLC analysis and purification were conducted with a Supelcosil LC-C18 analytical column (4.6 × 250 mm, 5 µ particle, Supelco, Bellefonte, PA) using HPLC-grade water (A) and CH 3 CN (B) solvent mixtures with either of the following methods: method 1 (solvent gradient elution from 55 to 95% B over 20 minutes; UV detection at 254 nm); method 2 (solvent gradient elution from 10 to 95% B over 20 minutes; UV detection at 280 nm). All chromatographic procedures were conducted at ambient temperature using a flow rate of 1 mL/min. Radioactivity measurements were obtained with a Capintec CRC-15W Radioisotope Dose Calibrator (Ramsey, NJ), and specific activity estimates were determined from a standard curve relating mass to UV absorbance peak area.
Synthetic Chemistry
The title compound was synthesized from 2,3,4,6tetra-O-acetyl-β-D-galactopyranosyl bromide (1) and N-acetyl-5-bromoindol-3-ol (2) according to the method of Horwitz and colleagues. 16 Flash chromatography of the crude product on silica gel (40% EtOAc/hexanes) followed by recrystallization from ethanol provided compound 3 in 43% yield: mp 175 to 176˚C. 1 
A solution of the bromoindole analogue 3 (0.438 g, 0.75 mmol) and bistributyltin (1.74 g, 3.0 mmol) in anhydrous toluene (12 mL) was degassed with a nitrogen stream for 10 minutes and treated with tetrakis (triphenylphosphine)Pd(0) (0.087 g, 0.075 mmol) in one portion. 17 The mixture was refluxed with stirring under a nitrogen atmosphere for 18 hours, at which point, TLC analysis showed completion of reaction. The warm mixture was filtered through a pad of Celite and concentrated in vacuo to give a brown gum. Flash chromatography of the residue on silica gel (40% EtOAc/hexanes) provided 0.21 g (35%) of pure material as an off-white amorphous solid. 1 
1-Acetyl-5-Iodoindol-3-yl-tetra-O-Acetyl-β-D-Galactopyranoside (5)
A stirred solution of the tributylstannyl analogue 4 (0.155 g, 0.20 mmol) in anhydrous CHCl 3 (15 mL) was treated dropwise with a 0.1 M solution of iodine in CHCl 3 until a slight violet color persisted. The solution was stirred a further 3 hours at room temperature and quenched with a solution of potassium fluoride in CH 3 OH (1 M, 0.5 mL) followed by aqueous 5% NaHSO 3 solution (1.5 mL). The mixture was treated with saturated brine (5 mL), and the organic layer was separated and dried (Na 2 SO 4 ). Flash chromatography of the residue on silica gel (40% EtOAc/hexanes) gave 0.10 g (79%) of the title compound 5 as a white solid following recrystallization from ethanol: mp 189-191˚C (dec) 1 
5-Iodoindol-3-yl-β-D-Galactopyranoside (IBDG)
Sodium methoxide (0.02 mL, 0.01 mmol, 0.5 M in methanol) was added to a stirred solution of the pentaacetate analogue 5 (0.025 g, 0.040 mmol) in anhydrous methanol (2 mL) at 5˚C. The clear solution was stirred for an additional hour and allowed to stand at 5˚C overnight. The reaction was neutralized with one drop of 50% aqueous acetic acid and the mixture concentrated to dryness in vacuo at room temperature. Flash chromatography of the residue on silica gel (15% methanol/dichloromethane) followed by recrystallization from water gave 13 mg (77%) of the title compound as a white solid. mp 180 to 182˚C (dec) 1 
Radiosynthetic Chemistry
1-Acetyl-5-[ 125 I]Iodoindol-3-yl-tetra-O-Acetyl-β-D-Galactopyranoside ([ 125 I]5)
A glass vial containing a solution of compound 4 (30 µg, 38 nmol) in absolute ethanol (30 µL) was treated with a solution of 50 µL of freshly prepared 0.1 N HCl in ethanol. The vial was sealed and crimped, a solution of 6.13 mCi of Na 125 I in aqueous 0.01 N NaOH (6.0 µL), was added by syringe to the vial, and the reaction was initiated by addition of 50 µL of freshly prepared aqueous H 2 O 2 (3% w/v). The vial was shaken periodically for 10 minutes, and the reaction was quenched by the addition of 100 µL of aqueous sodium metabisulfite (12 mg/mL). HPLC analysis of the crude product mixture (method 1) showed 95% radiochemical purity for [ 125 I]5 (t R = 10.1 minutes). The crude product was purified by preparative HPLC (method 1) to afford 5.05 mCi (82%) of [ 125 I]5 (> 99% chemical and radiochemical purity), which was concentrated to dryness in vacuo and used directly in the next step.
5-[ 125 I]Iodoindol-3-yl-β-D-Galactopyranoside ([ 125 I]IBDG)
A solution of no-carrier-added [ 125 I]5 (5 mCi) in anhydrous methanol (0.5 mL) was cooled to 5˚C (ice bath) under a nitrogen atmosphere. A 0.5 M solution of sodium methoxide in methanol (15 µL) was then added by syringe, and the reaction mixture was maintained at 5˚C for 60 minutes. The mixture was quenched with 50% aqueous acetic acid (10 µL), concentrated in vacuo, and purified by preparative HPLC (method 2; t R of IBDG = 8.5 minutes). The HPLC fraction containing the product was diluted with water (10 mL) and eluted through a preconditioned C-18 Sep-Pak cartridge. The cartridge was eluted with CH 3 CN (2 mL) to afford [ 125 I]IBDG, which was concentrated under reduced pressure and formulated in phosphate-buffered saline (PBS):EtOH (95:5) for animal studies. The chemical identity of [ 125 I]IBDG was confirmed using analytical HPLC (method 2) by coinjection with the nonradioactive IBDG standard.
Cell Culture and Transfections
D54 (human glioma) cells were grown in RPMI 1640 medium supplemented with 10% fetal bovine serum, 100 U/mL penicillin, 100 µg/mL streptomycin sulfate, 1 mM sodium pyruvate, 10 mM HEPES, and 292 ng/mL L-glutamine (all from Invitrogen, Carlsbad, CA) and maintained in a humidified incubator at 37˚C and 5% CO 2 . Cells were transfected using 4 µg of pEFLacZ and 16 µL of Fugene according to the manufacturer's protocol. Stable clones were selected using 200 ng/mL G418 (Invitrogen) and characterized for expression of the reporter. Specific clones were identified and selected for further study based on expression levels of the recombinant protein.
Detection of β β-Gal Activity In Vitro with [ 125 I]IBDG
In vitro studies to detect β-gal activity using [ 125 I]IBDG were conducted using control D54 human glioma cells (D54) and their β-gal-expressing counterpart (D54L). Cells were seeded in six-well dishes and incubated for up to 48 hours at 37˚C with no-carrier-added [ 125 I]IBDG (0.1 µCi per well), together with various concentrations of cold IBDG substrate (0, 0.5, and 1.0 mM). Cells were collected by scraping after 24 and 48 hours of incubation and pelleted by centrifugation at 1,800 rpm for 10 minutes. After removal of the supernatant, the pellet was rinsed with PBS and repelleted. Finally, the pellet was resuspended in PBS and assayed for radioactivity using a gamma counter.
Animal Models
Athymic All animal studies were conducted in accordance with the rules of the University Committee on Use and Care of Laboratory Animals at the University of Michigan.
SPECT/Computed Tomography Mouse Imaging Studies
SPECT/computed tomography (CT) imaging studies were conducted on a GMI Tri-Modality CT/PET/SPECT small-animal scanner (Gamma-Medica Ideas, Inc., Northridge, CA). SPECT images were acquired using a dual-head, high-resolution, lowenergy parallel-hole collimator. CT of animals was performed for anatomic coregistration and CT fusion of SPECT images was performed using AMIRA (version 3.1) software.
Analysis of Mouse Blood Metabolites of [ 125 I]IBDG
Tumor-bearing CD1 mice (N = 3) under isoflurane anesthesia were each injected intravenously with approximately 600 µCi of [ 125 I]IBDG in 0.2 mL of PBS:EtOH (95:5) and sacrificed 5 minutes postinjection. Blood samples (approximately 0.6-0.8 mL) were collected by cardiac puncture and homogenized with equal volumes of acetonitrile. The mixture was centrifuged at 15,000g for 20 minutes, the supernatant was transferred to a fresh centrifuge tube (95% extraction efficiency), and the centrifugation was repeated. The clear supernatant was concentrated using a nitrogen stream and analyzed by radio-TLC (silica; CH 2 Cl 2 :CH 3 OH [4:1]) and HPLC analysis (method 2).
Determination of Partition Coefficient of IBDG
The partition coefficient (P) of IBDG was determined by modification of a "shake-flask technique" as described by Rothwell and colleagues. 18 n-Octanol and potassium phosphate buffer (20 mM, pH 7.4) were presaturated with each other for 24 hours prior to use. Solutions of IBDG (1-2 mM) in 2 mL of potassium phosphate buffer were combined with an equal volume of n-octanol in a centrifuge tube and vortexed for 1 minute. The mixture was then centrifuged at 5,000 rpm for 5 minutes and the layers were separated. The concentration of IBDG in each phase was determined from the corresponding UV peak areas following HPLC analysis (method 2; UV analysis at 215 nm). Samples of n-octanol were diluted with four volumes of acetonitrile prior to HPLC injection. Partition experiments were conducted in triplicate, and HPLC analysis of each phase was conducted in duplicate. The partition coefficient is defined as the ratio of the concentration of substance in n-octanol to that in buffer, and lipophilicity (log P) is reported as the logarithm of the partition coefficient. IBDG displayed a log P of 0.8 in these experiments.
Results
Chemistry
Our synthetic strategy for preparation of radioiodinated IBDG focused on the use of the tributylstannyl ana-logue 4 as a precursor for radiolabeling The synthesis of compound 4 and cold IBDG are shown in Scheme 1. In this approach, we used N-acetyl-5bromoindol-3-ol (2) instead of the corresponding iodo analogue as the aglycone in the initial reaction step owing to its lower cost and commercial availability. Initial attempts at synthesizing the acetyl-protected galactoside derivative 3 by reaction of 2 with galactopyranosyl bromide (1) under phase-transfer catalysis conditions 19, 20 resulted in complex product mixtures and poor isolated yields. Subsequently, compound 3 was prepared in moderate yield (43%) according to the method of Horwitz and colleagues by a basecatalyzed reaction of 2 with galactopyranosyl bromide (1). 16 Replacement of the bromine atom in intermediate 3 with the tributylstannyl group was achieved via a palladium-mediated coupling reaction using bistributyltin and tetrakis(triphenylphosphine)palladium(0) as a catalyst to afford 4 in 35% yield. A portion of this material was converted to the corresponding acetylprotected IBDG derivative (5) by an iododestannylation reaction with iodine in chloroform. Deacetylation of the latter intermediate using Zemplen conditions (NaOMe/MeOH) followed by chromatographic purification provided cold IBDG in 77% yield. All of the synthesized compounds displayed H-1 NMR and mass spectra consistent with the assigned structures. The trans configuration of the 1,2 glycoside bond (βanomer) in the galactoside derivatives was confirmed by the presence of a characteristic doublet for the anomeric proton signal at δ 4.46 to 5.0 (J 1,2 7.6-8.0 Hz) in their NMR spectra.
Radiosynthetic Chemistry
The synthesis of no-carrier-added [ 125 I]IBDG was accomplished using a radioiododestannylation approach (see Scheme 2). 17 Accordingly, the tributylstannyl analogue 4 was treated with Na 125 I and aqueous H 2 O 2 as an oxidizing agent to afford crude [ 125 I]5 in 95% radiochemical purity. Further purification of this material by preparative reversed-phase HPLC provided [ 125 I]5 in 82% overall radiochemical yield and > 99% radiochemical purity. Subsequent deacetylation of [ 125 I]5 was conducted using sodium methoxide in methanol at 5˚C to afford [ 125 I]IBDG in 92% radiochemical yield and > 99% radiochemical and chemical purity after HPLC purification. The average specific activity of [ 125 I]IBDG was 1,685 ± 153 Ci/mmol (N = 5). The radioligand that was formulated in PBS:EtOH (95:5) was stable for at least 1 week when stored at 5˚C (< 2% radiolytic decomposition by radio-HPLC analysis).
In Vitro Cell Uptake Studies
The ability of [ 125 I]IBDG to undergo cellular uptake and retention was investigated in β-gal-expressing D54 cells (D54L) in comparison with control cells (D54). 14, 21 Initial validation studies with cold IBDG using a colorimetric assay showed that optimum conversion of this substrate in D54L cells occurs at a 24to 48-hour incubation time with a 0.5 to 1.0 mM substrate concentration (Fig. 3) . Subsequent studies conducted with [ 125 I]IBDG demonstrated a 6.5-to 7-fold increase in cellular radioactivity in D54L cells compared with D54 controls following a 24-to 48-hour incubation period at 0.5 mM substrate concentrations ( Fig. 4 ; 48-hour data not shown). Radioactivity uptake ratios were somewhat lower (4.5-to 5.1-fold) at these same time intervals at 1.0 mM substrate concentrations (data not shown). No significant difference in radioactivity uptake was observed between the two cell types for either time interval at no-carrier-added levels of [ 125 I]IBDG (0 mM).
SPECT Imaging Studies
Systemic [ 125 I]IBDG Administration
Mouse SPECT/CT imaging studies were conducted over a 24-hour period after IV administration of [ 125 I]IBDG. Analysis of the image data showed high initial uptake of radioactivity in the kidney within 5 minutes after injection followed by its excretion into the urinary bladder over a 1-to 2-hour period. Radioactivity uptake in most major organs was at or near background levels throughout the imaging study.
Neither the D54L nor the D54 tumor was visualized in the SPECT images during the entire imaging time frame owing to insufficient tumor uptake of radioactivity. Similar pharmacokinetic behavior was seen in the SPECT images following IP administration of the radioligand. 
Intratumoral [ 125 I]IBDG Administration
Serial SPECT/CT imaging studies were also conducted as described above following the intratumoral injection of [ 125 I]IBDG. The mouse SPECT image and temporal tumor distribution profile data at 5 minutes, 2 hours, and 4 hours postinjection are shown in Figure 5 . As seen from these data, a sharp decline in radioactivity for the D54 tumor compared with the D54L tumor is clearly apparent at the 2-hour imaging interval. Clearance of radioactivity from the D54 site was essen- tially complete by 7 hours postinjection, whereas radioactivity levels in the D54L tumor were similar to its 4-hour values (data not shown). This differential resulted in clear visualization of the β-gal-expressing D54L tumor within the 2-, 4-, and 7-hour images. Radioactivity clearance occurred mainly via the renal pathway as evidenced by high urinary bladder radioactivity and the absence of radioactivity in the liver.
Mouse Blood Metabolite Analysis
Radio-HPLC analysis of mouse blood radioactivity at 5 minutes postinjection showed that approximately 39% of the total radioactivity was associated with intact [ 125 I]IBDG. The remaining radioactivity consisted primarily of two polar metabolites eluting at t R = 2.8 minutes (16%) and t R = 3.3 minutes (53%), respectively. Neither of the polar metabolites were 125 I as confirmed by HPLC analysis with coinjected sodium iodide. A similar metabolite profile was seen by radio-TLC analysis.
Discussion
β-Gal is a stable, quantitative, and sensitive reporter extensively used for gene expression studies. For example, studies involving promoter function in transgenic animals and gene delivery studies in animal models have used the β-gal gene. [22] [23] [24] However, these studies invariably involve sacrifice of the animal and subsequent extraction of the desired tissues for detection of expression. Consequently, such studies provide only a snapshot image of β-gal expression. The use of noninvasive tomographic imaging techniques such as PET or SPECT can provide real-time, quantitative information of biochemical or molecular processes repetitively in the same subject. Such methods when applied to gene expression imaging could therefore provide the means to follow β-gal expression longitudinally in living subjects, which would be of great value for both preclinical studies and future clinical gene therapy trials. 5 A wide variety of galactoside analogues that are βgal enzyme substrates are routinely available for spectroscopic analysis of β-gal activity. Enzymatic hydrolysis of these substrates leads to the formation of an intensely colored, water-insoluble reaction product that is selectively localized to the site of reporter gene expression and can be conveniently monitored by colorimetry.
The goal of the present study was to synthesize and evaluate a suitably radioiodinated β-gal substrate that would exploit this selective trapping mechanism for in vivo imaging of β-gal expression using SPECT. For this purpose, we focused on the chromogenic β-gal substrate IBDG as a candidate for radioiodination and biological evaluation. For these initial studies, we radioiodinated IBDG with 125 I instead of the standard SPECT radioisotope 123 I due to its lower cost, longer half-life, and imaging capability with dedicated small-animal SPECT scanners. Radiosynthesis of [ 125 I]IBDG was achieved using a radioiododestannylation reaction followed by acetyl deprotection to afford [ 125 I]IBDG in > 75% overall radiochemical yield and > 99% chemical and radiochemical purity.
Prior to conducting in vivo studies, we evaluated the specificity of [ 125 I]IBDG for cell uptake and retention in β-gal-expressing cells using an in vitro cell uptake assay. The cellular trapping of [ 125 I]IBDG was evaluated at three substrate concentrations (0, 0.5, and 1.0 mM). In these studies, [ 125 I]IBDG displayed optimum cellular trapping of radioactivity (6.5-to 7fold increase) in β-gal-expressing D54 cells (D54L) compared with control cells (D54) at the 0.5 mM substrate concentration. Importantly, we did not observe a significant difference in radioactivity uptake between the two cell types at either the 24-or 48-hour time interval in the absence of carrier (0 mM). This observation can be attributed to the fact that the IBDG substrate concentration was significantly lower relative to the enzymes' K m value, which is reported to be in the 0.1 to 4 mM range. 25 Encouraged by these initial findings, we administered [ 125 I]IBDG intravenously to CD1 mice with D54L and D54 solid tumor xenografts and conducted serial SPECT/CT imaging studies. Given that our in vitro cell uptake studies demonstrated optimal trapping of [ 125 I]IBDG at a 0.5 mM substrate concentration, radioligand doses were formulated at a similar IBDG concentration for the imaging studies. Visualization of either tumor was not possible throughout the 24-hour imaging interval owing to insufficient tumor uptake of radioactivity. Radioactivity clearance occurred mainly via the renal pathway as evidenced by high initial kidney uptake followed by excretion into bladder and the absence of radioactivity in liver. Negligible radioactivity levels were seen in most other organs, including the thyroid, during the entire imaging sequence.
To confirm that the lack of tumor uptake of the radioligand was due to poor delivery to the tumor and not due to a lack of β-gal enzyme recognition in vivo, SPECT imaging studies were repeated following direct intratumoral injection of [ 125 I]IBDG to D54L and D54 tumors implanted in the same mouse on opposite flanks. Analysis of the SPECT image data revealed strikingly different kinetics of radioactivity clearance between the two tumor types. The fast clearance of radioactivity from the D54 tumor site relative to the βgal-expressing D54L tumor enabled selective SPECT visualization of the D54L tumor at > 4 hours postinjection. Radioactivity clearance that occurred predominantly via renal excretion as seen with the IV administration route resulted in high radioactivity levels in the mouse bladder at early time intervals (2-4 hours), which later declined to near-background levels by 7 hours postinjection. In addition, near-background levels of radioactivity uptake were seen in most other organs, including the liver and thyroid, the latter indicating that [ 125 I]IBDG is relatively stable to in vivo metabolic deiodination.
Important requirements for a successful in vivo imaging radioligand include a high uptake in target tissues in conjunction with a rapid clearance from nontarget tissues. Given that β-gal is localized within the cytoplasm, the radioligand must be sufficiently hydrophobic to diffuse through the cell membrane to reach its intended target. Once inside the cell, the radiolabeled product resulting from enzymatic action should also demonstrate low diffusibility to ensure its cellular retention. Our intratumoral injection imaging data confirm that [ 125 I]IBDG (log P = 0.8) undergoes both facile cell permeation and selective intracellular trapping in D54L cells following enzymatic hydrolysis by β-gal. Furthermore, the rapid washout of radioactivity from the D54 control cell site indicates that unprocessed radioligand is being efficiently cleared out of the cell and from the circulation into the renal compartment. In this regard, our biological results underscore the advantage of using radiolabeled enzyme substrates that afford trapping of the product of a catalytic reaction over inhibitors as radioligands for imaging enzyme expression since continuous enzyme processing of such substrates affords high signal amplification at the site of enzymatic processing.
The imaging data from the intratumoral injection studies suggested to us that limited delivery of the radioligand to tumors on systemic injection, which is likely due to high renal clearance, plays a key role in the observed lack of tumor uptake. To further understand the poor tumor-targeting behavior of [ 125 I]IBDG after systemic administration, blood metabolite analysis studies were conducted in tumor-bearing CD1 mice following intravenous injection of the radioligand. In these studies, the intact radioligand ([ 125 I]IBDG) accounted for less than 40% of the total radioactivity present in mouse blood at 5 minutes postinjection. The remaining radioactivity was composed of two polar metabolites, which we confirmed were not [ 125 I]iodide by radio-HPLC analysis. Importantly, the total blood radioactivity in a mouse at 5 minutes postinjection was only 13-15 µCi following a 600 µCi injection of [ 125 I]IBDG. Given that only renal and bladder radioactivity were apparent in the early SPECT images, these data further confirm that the majority of the systemically administered [ 125 I]IBDG is being rapidly excreted in urine either as the intact radioligand or as a metabolite.
In summary, we synthesized and evaluated a radioiodinated β-gal substrate ([ 125 I]IBDG) as a radioligand for in vivo SPECT imaging of tumor β-gal enzyme expression. Although [ 125 I]IBDG showed high differential uptake (6.5-to 7-fold) in β-gal-expressing tumor cells over control cells in in vitro studies, it demonstrated insufficient uptake in β-gal-expressing tumors for SPECT imaging on systemic injection. However, SPECT imaging of CD1 mice following direct intratumoral injection of [ 125 I]IBDG to β-gal-expressing D54L tumors and control D54 tumors coimplanted in the same mouse demonstrated selective retention of radioactivity at the D54L tumor at 2 through 7 hours postinjection, resulting in clear visualization of this tumor. Analysis of the imaging and blood metabolite profile data suggest that the poor tumor localization of [ 125 I]IBDG is likely a result of high and rapid renal excretion. Thus, despite useful biological characteristics such as good cell permeability, substrate specificity, and fast clearance from nontarget tissues, our studies indicate that [ 125 I]IBDG is unsuitable for the in vivo imaging of β-gal expression. We conclude that further structural modification of IBDG to retard its renal clearance and improve cell uptake or the evaluation of alternative β-gal substrates with improved pharmacokinetic properties is warranted to improve the β-gal expression imaging capability of this class of radioligands. These studies are currently under way in our laboratory.
